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PURPOSE

The purpose of this report is to review the pregram and
describe progress made thus far on the research project,
Reaeration and Control of Dissolved Gases.

CONCLUSIONS

1. Aspects of the research program plan which have
been emphasized to date are: destratification of reser-
voirs, biological effects of reaeration and destratifica-
tion, dissolved gas levels at energy dissipator structures,
and conception of new -methods and devices for

reaeration. Research on corrosion by mofecufar oxygen

has Ligen added to the original plan.

2. Destratlﬂcatlon testing ‘was conducted at Flaming
Gorge Reservoir using a d:ffused air system and at Lake
of the Arbuckles using an ‘‘air gun.'' Although in both
cases the devnces were too smelf to produce readily
measurable changes part:cunarly in the former case,
there ‘was evidence that both methods yielded a
destratification efficiency of 1 percent or less, which is
similar-tc earliar experiance at very small reservoirs. In
most  cases,
these low efficienctes would deter application of these
mathods to very large reservoirs. Data were not
adequate to allow calculation of the reoxygenation
cfficiency, although historically these devices have
yielded 1 to 2 pounds of oxygen per kilowatt-hcur of

energy expended. Destratification studies are continu--

ing at Liake of the Arbuckles, using a propeller-pump
device, and are being planned for Lake Casitas.

3.- A comprehensive state-of-the-art review of the
biological effects of artificial destratification and aera-
tion in lakes and reservoirs has been prepared which
outlines research needs? A major study is underway to
determine the blologlcal effects of destratification
operauons at Lake of the Arbuckles.

4. Data have been collected from a wide variety of
Avpes of energy dissipators with the objective of
B deter'i-_ni_ning their ability to reaerate and their tendency
" to supersaturate. General
concerning effects of pressure, turbulence, and amount
of air entrained. A more detailed analysis has
developed a predictive capability so that various
CharaCtel’lSthS of the structure can be used to pre-
determine the dissolved gas level. Principles of gas
transfer were used in developing a reaeration coeffi-
cient, related to bubble exposure time, for hydraullc
structures

the energy requirement associated with:

conclusions were drawn:

5. A test facility has been constructed and;ﬁtests are
underway for investigating the corrosive effects of
molecuiar - oxygen -on construction materials, par- -
ticularly metals.iThe growing use ¢of molecular oxygen
for injection into reservoirs, streams, hydraulic
machinery, and conduits prompted this investigation.

APPLICATION

The results reported herein can be applied ;to the
solution of problems of dissolved oxygen deficiency
and dissolved gas supersaturatu()n in streams, reservows,

“and reserveir releases.

INTRODUCTION

Background ‘ s

The Bureau of Rcclamat:on became :nvolved in the
subject of reaeration in 1968 while considering a
proposed high dam on the Snake.River. Low-level
releases would be required from the dam to maintain
cold temperatures for spawning salmon. However,
these releases would be essentially devoid of dissolved
oxygan (DO). The'problem then became ‘one of raising
the DO tlevel from zero to saturation in a flow of
16,000 /s {453.1 m®/s). The magnitude and diffi-

culty of this task clearly showed the need for improv-

ing technical capabilities in reaeration.

One widely used technique for controlling downstream

DO is selective withdrawal. This approach usuaily has .
minimal effect on reseivoir DO levels unless a given
layer is greatly depleted or eliminated . by- selective
discharge, which might be the case in smaller reservoirs.
Unfortunately, selective withdrawal or spillway opera-
tion to enhance downstream DO conditions also
involves discharging warm water from upper levels of
the reservoir, making the river downstream uninhabit:
able by cold water species of fish. Spillway operation
at hydropower installations may afso involve a foss in
power revenues. Therefore, artificial reaeration is some-
times the only acceptable alternative.

Late in 1969, an in-house state-of-the-ait review of
reaeration research needs was made, a report was
issued {14]," and in 1971 an interdisciplinary planning
team was formed. .During the review, an in-house
seminar was conducted to familiarize staff members
with the basic principles of reaeration. As a result of
the planning team's efforts, a program management
team was organized and is now managing and directing

*Numb&ts in brackets designate references listed at the end of this report,




the research program. All the regional offices are
invclved and are cooperating in the many team efforts.

To investigate reaeration and supersaturation problems
and to coordinate Federal activities in this field, a
Federal Interagency Steering Committee on Reaeration
Research was formed in November 1971. Members are
the Bureau of Reclamation, Tennessee Valley' Author-
ity, Corps of Engineers, Geological Survey, and the
Environmental Protection Agency. The ‘Bonneville
Power Administration participates as an observer.

i As the research program developed, the need became
evident for a subsidiary technical tearn to study and
develop metheds and devices for reaeration. Such a
team was formed in June 1872, followmg a survey of
reaeration neees in the Bureau’s seven regions, wh:ch
was conducted clurmg 1871.[10].

Y

Ohjéqtives

The following specific objectives, considered to be of
equal priority, were adopted by the Program Manage
ment Team {PMT):

1. Determinz. the reaeration capabilities af con-
ventional hydraulic works.

2. Develop new methods and devices to achizve
reaeration of reservoirs, reservoir releases, and
streams; establish related design and operating
characteristics.

3. Evaluate environmental and biological effects of
reaeration.

4. Determine the relative performance of different
methods and devices at various locations in‘a river-
reservoir system, - '

5. Establish standard procedures for rating the
_reaeration efficiency and cost effectiveness of
methods and devices.

6. Develop basic information and procedures, for
use in planning and design for {ar'determining needs,
{b} selecting ‘optimum methods and devices, (c)
estimating costs, and (d) predicting the effects of
reaeration. ' o
Up to:the time of this progress report, emphasis has
been on reservoir destratification (including biciogical
effects} and measurement of dissolved gases at conven-
tional hydraulic works [particularly supersaturation).
All work is aimed at satisfying Objective 6. %

Research Program
Some of the objectives of: the research progra;'n
previously mentioned are further explained as follows:

Environmental and Biological Effects

The prevnously pldnned research prograrn included an
“bstimated funding requirement of néarly $500,000
over. a 4-year period for investigation of environmertal
and biological effects. This amount was approximately

half the requirement for the total pragram, Funding : -

has occurred at a rate of about $50,000 per year for
the total program. As a result;;the program is being
s:tended - beyond the 4-year pericd and research on
environmental and bioiogical effects has received mini- ~
mal - support.

The effect of reaeration u::ian"the environment, and
_synecological (studies of |nd|wdua| organisms or indi-
vidual species}- and aut:ca!ogsca! {studies of groupy of

_organisms associated as.a unit) aspects of the aquatic
-zystem must be evaluated.. This ¢valuation should be

made on all reaeration devices, structures, and related
features investigated during the research program to
determine“ihe effects on. the reserveir, stream, or a
reservoir-stream: system. The goal is to obtain generali-
zations which can be applied for prediction of effects.

‘Two important aspects of the evaluation that should be

considered are: {1} the rate and magnitude of changes,
and (2} the relationship between physical, chemical,
and biological factors.

Since it is vital to the evaluation to have substantial

backgrqun_d data; the collection of data should begin 1

or more years prior to the actual tast. The test pericd

alone should be at least 2 years. It is assumed that-the

data will be collected during actual reaeration tests.

The research team should determine the parameters

that should be measured. The following list of param- -
eters to be investigated should serve as a guide:

Physical
. Temperatur.e
. Transjtﬁ)areh‘c;r
Hydrod\'—in?mics

. Turbidity

'Some assistance -has " been provided 1.
:nvestugators w0 havé othor larger funding sources.



Chemical

. Dissolved oxygen—field test

. Routine chemical analyses
Alkalinity—field test

. pH, CO, —field test.' :
Bioehémical oxygen demand (ROD}
Problem chemicatls

) Deposi}ion and solution products

. Other gases of interest

'

B."afagicaf "

Fish, zboplankfon, algae, bottom f.é‘una:

a. Life history

b. Growth rates

¢. Change in composition and numbers.
Nitrogen emboh'sm.—Préblem areas or potential

problem areas shou!d be identified. Contact should be
maintained with the Columbia River studies.

Standard Method of Ecanomic Comparisorn

Standardization of reaeration efficiency .—QObijéctive:
Formuiate an empirical relationship to include all
parameters which influence the reaeration efficiency of
a method or device {such as oxygwn deficit below
saturation, oxygen defirit. Léfow desired level, initial
DO level, temperature, pressure, concentration of
contaminants, stream velocity, etc.} '

For example:

Eff|c1ency (pounds of oxygen per kilowatt-hour}] =
KT2pPDE ete.

Where: a, b, ¢, K = canstants
T = temperature
p =total pressure at the point of
measurement, and
D = oxygen deficit
. EAS

From field measurements, a- value for K could be
determined empirically for determined standard condi-

. production.

tions. For a given device at a specific location, the
efficiency could then be computed.

Standard method for cost efficiency.—Dbjective:
Develop standard procedures for estimating cost of
reagration equipment installation, operation, and
maintenance; allow comparison between alternative

"methods or combinations of methods; and to become
»aware of possibie side benefits, such as the value of

byproducts, for exampte, hydragen in oxygen

..-_Methods and Devices for Reaeration

Research and development:of methocis and devices 120=

. reaeration should be concerned with the applicatior: of

exlstlng techmques to large volumes and fluw
development of new methods and devices; evaluatlon
of the reaeration capability:of SpI“WBVo ‘and outlet
works; identification of secondary effects {beneficial or
adverse}; and determination of relative efficiencies,
optimum use, and limitations for various reaeration
methods and devices. The problem may b divided.into
three parts: {1) reservoir reaeration, {2} release reaera-
tion, and (3} instream reaeration. Ta maintain knowl-
edge of the state of the art, the review of current
literature and research reports should continue.

Reservgirs.—Three assumptions are suggested for use in
approaching the problem of reservoir reaeration,
nameiy:

1. Stratification considered tq_t;g desirable.

2. Destratification or homogemzat:on conmdered to
he desirable.
3. Either stratification or

homogenization is
_satisfactory. :

.-Reservoir stratification may:"be_ highly desirable when

certain requirements are imposed. When a cold, high
DO release “is required, the reaeration of only the
hypo'llmmon may be indicated. MIX]I"IQ may be indi-
cated under other conditions because of secondary

.beneficial effects. Requirements for temperature con-

trol may be so rigid that a combination of hypolimnion
regeration and sefective withdrawal may be indicated.

Certain general studies may be needed to provide an
adequate understanding of the hydrodynamics of
reservoirs so that a rational selection of the method
and/or device can be made, location of devices can be
optimized, and operating criteria can be established,




Other generai studies weuld involve effectiveness and
operating characteristics of devices. Such studies would
include:

1. Evatuation of efficiencies of devices within
ranges of oxygen requirement deficit and driving
force.

2. Evaluation of iatensive {short-term, large input}
use versus extensive {long-term, smaller input} use
for various devices.

3. Evaluation “of continuous versus
operation.

4. ldentification {not to include’ evaiuation} of
secondary effects (biological, chem|ca4, ohvsncal)
assomateu with certain methods and dev:ces

The types of devices that should be mcluded in the
research studies are:

1. Devices for hypolimnion reaeration:
(a} Diffusers (air, molecular oxygen)

{b) Pumps and pumps combmed with other
devices

{c) Other devices which may be developed.
2. Devices for full reservoir reaeration:

{a) Bubblers, hydraulic guns, helixors, etc.

{b] Pumps

{c} Other devices which may be deveioped.

Evaluation of reaeration methods anc. dewces should'
include laboratory testing and prototvp° teﬁf""’as
appropriate..

Refeases.—Reaeration of releases from reservoirs
involves high and low energy flows. The problems
associated with these two flow conditions are distinctly
dissimilar. The high energy flow condition may be
utilized to draw air into the flow without an external
source of energy. This may be done by gates and
valves, jet diffusers, energy dissipators, flip buckets, or
spillway chutes. There is an opportunity to evaluate
most of these devices using existing structures. Low
energy flow situations involve, to some extent, the
expenditure of energy from an external source. The
U-tube aerator, molecular oxygen injection at
hydrauiic turbines, and afterbay reaeration are

intermittent

examiﬁles of methods that should be studied. Weir drops
in an outlet channel and some turbine draft tubes may
serve as reaerators without an external energy source.

Research in reaeration of releases should he centered
around " the problems® associated with large flows;
comparisons of devices and methods with respect to
effectiveness within certain desired ranges of percent
saturation, including supersaturation; effectiveness
when releases are high in BOD; and limitations of
various devices because of nitrogen supersaturation.
Specific research areas should include the following:
1. Prototype evaluation of reaeration characteristics
of, and possible modlﬁcatnons to, existing works”
‘ |nc|udmg :

{a) Gates and valves,

{b¥ Energy dissipators,

(c) Chutes and other conveyance structures, and

{d} Turbines.
2. Laboratory development of jet aspirators to
determine applicahility to closed flow con_dit_ions.

3. Prototype evaluation of devices with respect to
nitrogen supersaturation. Establishing limitations
and development of maodifications to reduce
nitrogen saturation. '

4, Large scale, perhaps prototvpe, modeting and
evaluation of the U-tube aerator.

5. Evaluation of molecular oxygen injection at an
existing turbine,

" Streamns.—Reaeration of natural streams has been the

object of considerable research, but additional studies
may be warranted especially with regard to those
streams which flow into reservoirs and those -which
carry reservoir releases. Reaeration of “inflows to
reservoirs in some cases may be more desirable, and
perhaps less expensive, than reaeration of the water
that is impounded. It is also possible that a combina-
tion of inflow reaeration and reservoir reaeration may
produce optimum results. Likewise, reaeration of water
in the natural stream below a dam may be a desirable
and efficient alternative or adjunct to reservoir reaera-
tion. Objectives should include:

. ;
1. Development of criteria for evaluating rezeration
of reservoir inflow ang: outflow streams as a




substitute or an adjunct to reservoir and reservoir
release reaeration.

2. Evaluation of instrzam reaeration devices; taking
into account stream geometry, discharge, and BOD;
for the purpose of determining minimum reach to
achieve desired DO levels and relative efficiencies of
devices. ‘ :

SURVEY OF REAERATION NEEDS

During 1971, a questionnaire survey. was made of -
Bureau of Reclamation regions and: the Engineering
and Research (E&R) Center offices to determine the
extent of problems in Bureau and other reservoirs,
streams, canals, and aquifers resulting from the fack of
dissolved oxygen. The previously described research
plan wat: based on the needs so i_dentiﬂg'd. The results
were described in a summary report [10] to the PMT.

The following major prdblems were identified:

1. Low DO levels in reservoirs due to local areas of
bottom deposits with high BOD; eutrophication, ice
cover, and stratification inhibiting atmospheric
reaeration; dissolved iron and manganese; and high
concentrations of nutrients and warm temperatures
with associated algae blooms. ’

2. Low DO levels in streams resulting from heavy
BOD loading, inadequate waste treatment, high
nutrient levels, and low DO releases from reservoirs.

Research needs were determined in order of priority as
follows:

1. Develop methods and procedures for improving
the quality of hypofimnion waters and, accordingly,
low-level releases into streams and canals.

2. Evaluate the application of destratn‘:catlon in
comparison with other reservoir water qualaty con-
trol measures.
3. Devetop and eva!uate more efficient methods for
preventing winterkill in small reservoirs.

4. .Develop high-efficiency. devices for in-stream
reaeration.

- More than 27 reservoirs and B streams were listed

where problems existed berause of low Q. Thus, each
of these sites presented an opportunlty for reaeration
research. :

The problem of supersaturation of dissolved gases was
not identified as being a major coiicern at the time the
survey was made. However, this concern developed
later and became a major part of the research program.

DESTRATIFICATION OF RESERVCIRS

Background

.Work in this subject was picneered by Symons and his

associates in the U.S. Public Health Service. Although
their work was limited to very small impoundments,
they developed a method for calculating destrati-
fication efficiency which has universal application

[23]. An example calculation is given in table 1. Also,

under Symons’ leadership, a survey was conducted

TABLE 1.—Example calculation of reservoir stability .
From reference [23]

DIStBnCB frorn

center of layer

to isothermat.
C.G., ft

Moments
about
. surface,
0 t1-ibs

‘B, E gained or ’
lost: by moving Mult. Temp. Spectf:c Stablhty,
layert0 C. G, factor, proofile. gravity 10!

Volume, Weight,
10'% fbs 10"® frdbs c factor  ft-lbs

acre-feet 10% ths 10’

-0.00250
-0.00180
-000170
-0.00140
-0.00080

-11.8
- 1.8

+5.6
+0.4
-1.1
-1.4
-0.7

951.35
1,630.89 )
2,038.61 \\ + B.2
1,802.70 \ +18.2
1,223.16 i“:.\\iza.z

700,000
400,000
300,000
200,000
100,000

1,902,700
1,087,257
815,443
543,628
271814

-7245.19 -2,245 23
- 195.71 - 196 20
+ 668.66 + 669 19
+ 989.41 + 9839 18
+ 766.50 + 767 15

5

1.7x10° 4821 x10'? 7747 x10"° R - 16.33 428

{sothermal center of gravity.(c. G.: P.E.= Potential Energy

7747 x 10'?2

= 16.8 ft. from surface Max, stabifity = 2.8 x 10'? fr-Ibs
4621 x 10'2 i




which provided general and approxnmute informati¢n

on destratification efflcnency and costs for reserve s

up to nearly 500,000 acre-feet (617 x 10°m*} in
volume [24],

In 1962, Koberg and Ford [15} of the Geological
Survey -also performed some basic ‘work with an
air-bubbling system at Lake Wohlford in Catifornia,
2,500 acre-feet (3.08 x 10°m’}.

-‘f,/n"e Geological Survey at Lake Cachuma in California,
205,000 acre-feet {2563 x 10°m>}), met with little
success bEcause of inadequate sizing of the diffused-air
system I91

Since 1968, a successful d1ffused-a|r dpsfratlflcatlon;«_-_'ff"

systemn- has operated at Lake Casitas in California,
254,000 acre-feet {313 x 10%m™), under the direction
of the Casitas Metropolitan Water District [6]. The
system was intended to maintain a minimum DO level
of 1 mg/l near the municipal intake, maintain a DO
leve! of greater than 5 ma/l in the upper zong of the

reservoir to support existing aquatic life, establish e
, <] . Y i
maximum allowable temperature of 84 F in the lower

zone of the reservoir, and enhance the reservoir fishery
by increasing the hahitable reservoir volume..

in recent years there has been mters-st in applylng the
concept of destratification to |ncreasmgly larger reser-
voirs. In 1968, the Corps of Engineers installed a
300-horsepower diffused-air system at Lake Allatoona
in Georgia, 367,500 acre-feet {453 x 18°m~). In 1971,
the Corps also installed a diffused-air system at Table
Rock Reservoir in  Missouri, 2.7 million acre-feet
{3,330 x 10" m?). :

Flaming Gaorge Reservair
in 1972, small-scale pilot tests were conducted "at

Flaming Gorge Dam in Utah (fig. 1} to determine the
feasibility of using destratification as a methad of

controlling the temperature of releases through the

powerplant [5].

During the years cgquired to fill Flaming Gorge
Reservoir t¢' near-maximum operating levels, the 1ail-
water fishery has followod a pattern of development
previously noted on “wther large reservoirs’with single-
level release facilities. With low-leve] diversions in
operation during filling of the dead storage pool, little
change occurred in the qualizy of releases. As the
reservoir reached intermediate levels, silt was retained
in the reservoir, summer refease temperatures were
controlled to a 50° to 55 F range, and an ideal trout
habitat was created downstream. As the reservolr
continued to rise toward upoer operatlonal levels w1th

WYOMING
UTAH

“DOWNSTREAM

FLAMING " GORGE DAM

Figure 1. Flaming Gorge Reservoir

penstock entrances at considerable depth, summer
release temperatures dropped below optimum ranges,
the trout growth rate decreased, and the quality of the

tailwater fishery was materially reduced. A typical

summer temperature profile is shown in ﬁgure 2,

In May 1972, regional representatwes of the Bureau of
Reclamation and the Utah Division of Natural
Resources met to discuss possible remedial measures to
contro! release temperatures. The metal trashracks at
the penstock entrances were considered to be toa
limited in height and situated at too great a depth to
make them amenable to quick modification for selec-
tive withdrawal. Consequently, to secure higher release
temperatures, major consideration was given to using
an air-diffusion:system to mix the water near the dam.
Use of the ice-prevention system on the penstock and
outlet trashrack structures (fig. 3} to secure indicative




data which might be used in designing a subsequent
system was discussed. Following the meeting, the
Denver Engineering and Research Center was requested
-to study the problem at Flaming Gorge, and to initiate
preliminary destratification testing and data collection
during the summer of 1972,
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Use of the trashrack ice-prevention system for test
. operations appeared to be the most feasible approach
for the following reasons:

FROM SURFACE

1. The system could be placed in operation with a
“minimum of modification and cost, soon enoudh to
assure valuable data acquisition in 1972 a5
requested.

DEPTH

2. The existing system was extensive and ideally.
! . segmentsd which would allow a range of experi-
5 s 59 &3 . - © mentation horizontally and vertically.

TEMPERATURE (*F) k '

-3, It appeared desirable to fully investigate the
Figure 2. Typical summer temperatuse profile at Ftaming capabilities of the existing sysiem before proceeding
Gorge Dam. 5. to design a completely new installation,
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4. Although. it was anticipated that use of the
existing systems would- not greatly affect release
temperatures because mixing would be restricted to
elevations above the penstock entrances, it was
believed -that sufficient change in the temperature
profile near the dam would be noted, which would
be an aid in future design.

The 1972 pilot testing, as expected produced no
measurable effect on powerplant release temperatures,
However, a limited volume of water near the dam
above the level of the intakes appeared to be affected.
Monitoring data obtained were valuable in designing
and estimating a conceptual prototype destratification
system, and will also aid in“the design of aiternative
temperature controf systems. ; .
Some factors that made~identification of effects of the
diffuser pilot testing operation defICU“t were:

a. Lack of adequate background data prior to the
start of the operation:

b. Natural, long-period perturbations in the temper-
ature profile caused hy variations in release, wind,
and changes in storage.

c. An inadequate number of stations for measure-
ment of temperzture profiles in the immediate zone
of testing because of limited manpower.

d. The very smali energy input and low destratifica-
tion efficiency of the air diffusers,

e. The proximity of the diffusers to the dam and
the zone of influence of the penstock intake flow
nets,

f. Poor timing of the tests; the pilot operation was
not started until the reservoir had reached peak
stratificatian.

It is believed that the efficiency of the 1872 pilot
system, estimated at 0.02 percent, was severely limited
by size and location. Results of a previous laboratory
study suggested that below a certain critical limit of
energy input, the destratification effect would be
essentially negligible.

Prototype testing by the Corps of Engineers at Lake

Allatoona in Georgia {a reservoir comparable in size to
" the downstream basin at Fiaming Gorge and with
similar power generatipn releasas) increased water
tamperatures’ at a depth of 140 feet {42.7 m) by 10° F

under midsummer conditions. Efficiency of this system
varied from 0.3 to 0.7 peccent.

Using the reasonable assumption that a diffuser system
with an efficiency of 0.5 percent could be designed,
power requirements for destratifying the downstream
wasin at Flaming Gorge (fig. 4} to a depth of 200 feet
(61 m) would be 320 horsepower. The power require-
ment for the -entire reservoir using ' 0.5-percent
efficiency. and under similar conditions would be 6,120
harsepower, which is obvigusly impracticable. 1t was
estimated that the capital cost of an air-diffuser
installation adequate for control of the downstream
basin. would he approximately $200,000. In addition,
the annual operating costs for this instaltation,
including power, would be $70,000 to $90,0C0. The
annual ¢cost of necessary monitoring would be 56,000.
The cost of a one-season full-scale prototype test was
estimateéd: at $283,000, which includes full capital cost
pius 1 year’s operation. Anything less than prototype
scale testlng would probably be inconclusive.

Previous experience with the use of diffused-air sys-
tems suggests rather conclusively that the destratifica-
tion efficiency is on the order of 1 percent or-less.
Therefore, this technique would seem to be limited, for
reasons of economics, to refatively small impound-
ments. However, an alternative approach woutd be to
destratify only a portion of a reservoir, near the intake
for example, or to partially destratify only to the
degree necessary to contral a specific water quality
problem. Example calculations are:shown in table 2.
The success of these latter two approaches depends

- greatly on the resulting reservoir hvdrodynam1cs,

which require further study.

Because of the uncertainties and high costs of destrati-
fication at Flaming Gorge Reservoir, selective with-
drawal was chosen as the most economical and reliable
method for controlling temperatures below Flaming
Gorge Dam.

Current Studies
Lake of the Arbuckles

The major thiust by the Bureau in destratification
research is” at Lake of the Arbuckles in Oklahoma,
figure 5." Arbuckle Dam and Reservoir were con-
structed on Rock Creek in south-central Oklahoma in
1966 by the Bureau to provide municipal and indus-
trial {M&) water supplies to the towns of Ardmore,
Davis, .Suifur, and Wynnewood, and a major oil
refinery near Wynnewood. The project was transferred
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Figure 4. Hypothetical air-diffuser svﬁtem for downstream basin—Flaming Gorge Reservoir.

TABLE 2.—FExample destratification calculation

Total max. stability = 2.8 x 10'? ft-ib

Assume that the stability increases linearly from zero
on April 1to 2.8 x 10*¢ ft-Ib on July 1, then decreases
linearly thereafter to zero on November 1.

By starting destratification on April 1, continuous mix-
ing could be maintained with a power input of:

2.8 x 10'° ftib

- 7
{97 days} (24 hour/day} 1.282 x 107 ft-lb/hour,

then: i

1.282 x 107 ft-lb/hour

= 6.5 horsepower (hp)

1.88 x 10° ft-lb/hp-hour

Assuming an efficiency of 0.5 percent for a diffused-
air system:

6.5 hp
0.005

Compressor size = = 1,300 hp

Assuming that destratification of only one-fourth of
the reservoir is necessary:

1 300 hp _

Compressor size = = 328 hp
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to the Arbuckle Master Conservancy District for
operation and maintenance beginning on January 1,
1968.

Stream water guality daté from the 1926-1961 period -

indicated that the reservoir would yield high quality
water for M&I use, This has been borne out by
operating experience since 1968. However, some form

of chemical, algae, or micro-organism in the reservoir.

water causes a rapid depletion of chlorine when
introduced at the pumping plant and the.point of
release from the pipeline at the regulating reservoir.
Chiorination is therefuore required at the points of
water treatment. Also, copper sulfate has been used in
the regulating reservoir to control aguatic weed
growth.

The annual development of thermal stratification
during the warm part of the season, with accompany-
ing depletion of DO in the hypolimnion (fig. 6]
suggested that steps should be taken to prevent any
future serious deterioration of water quallty in the
M&I dellverles

It was decided that destratification should be applied
to eliminate the DO -yepletion in the hypolimnion,
provide cooler waters
reduce evaporation losses and control algae growth,
reduce the organic content of the water, reduce
objectionable tastes and odors, reduce the chiorine
requirement, and reduce the costs of water treatment.
An improved lake fishery would also be expected, as
well as improvemeni in the gquality of downstream
releases. -

To accomplish the destratification, the Bureau’s South-
west Region designed and constructed a type of “air
gun’ for testing. The more usual diffused-air system
also was to be tested during a later season for
comparison purposes. The air gun consists of a vertical
tube with a chamber at the bottom which inter-
mittently releases large air bubbles. The rising bubbles
fit snugly in the tube and act as a piston which forces
water out above the bubble and draws water from the
lower part of the reservoir into the tube. Thus, the
reservoir water is continuously circulated and the
oxygen-depieted bottom waters are brought to the
surface for reaeration from theé atmosphere,

The air gun {fig. 7} is constructed of a 2-foot diameter,
polyviny! chioride {PVC} pipe and is supported from a
fioating, anchored barge. Air is supplied from a com-
pressor on shore to the diffuser which produces small
bubbles that rise 4 to 5 feet into a bubble trap. The
small bubbles accumulate in the bubble trap which
periodically dumps a single large bubble into the

at and :near the surface to

vertical tube. Some oxygenation takes place by transfer
of oxygen fram the bubbles to the water, but the
major effect is circulation and reaeration from the
atmosphere. The device, tested at Lake of the
Arbuckles during the surmmer of 1973, showed an
estimated pumping capacny of 30 ft? /s or 60 acre-feet
per dav (74 x 10° m" /day), withdrawing water from a
depth of about 57 feet {17.4 m), which was about 10
feet (3 m)} from the bottom of the lake. Temperature,
dissolved oxygen, conductivity, iron, phosphorus,
ammonia nitrogen, phytopilankton, zooplankton, and
the effects on fish growtih are being studied by the
Oklahoma Cooperntwe Fishery Unit at Oklahoma Siate
University.

The resuits of testing during 1973 indicated. an overall
destratification efficiency of 0.3 percent, using a
gasoline engine-driven compressor part of the time and
an electric motor-driven compressor part of the time.
The electric compressor was considerably more
efficient than the gasoline compressor, and calculations
suggesters that an overall destratification efficiency of
about 71.1 percent could have been obtained if the
electric compressor had been-used exclusively. This .
latter value compares closely with efficiencies obtained
with this type of device at other locations, |ncludmg
many very small impoundments.

Data were not available for computation of the
reoxygenating efficiency of the air gun, primarily
because the amount of oxygen utilized during the test
period was unknown, QOther air-gun devices have given
an efficiency of about 1 to 2 pounds of oxygen per

kilowatt-hour, and there is no reason to believe that
the Arbuckie device would not perform similarly.
There was a very apparent effect in the immediate
vicinity of the device, as evidenced by increased
oxygen concentrations at all depths above the device.
There was also some indication of a very slight (less
than 0.1 mg/1} increase in DO within the hypolimnion

~ throughout the areal extent of the reservoir.

Garton '[19] Oklahoma State  University, has
devenoped “ow-energy destratification device (fig. 8),
which i3 being tested at Lake of the Arbuckles. A
1/2-horsepower device has been applied successfully at
two small impoundments in Oklahoma. A maximum
flow of 10,703 gal/min (23.8 ft*/s) (0.67 m’/s) has
been obtained with the device while using 0.498

+ horsepower. The device is an axial fiow pump with a

propeller {7-blade cast sluminum, 41-3/4 inch {105.0
cm} outside diameter, 40 to 80 r/min}, a bellmguth
antrance, a pump body consisting of a 29-inch-ong
{73.7 cm} cylinder with a 42-inch {106.7 cm) inside
diameter, straightening vanes to suppress vortices at the
entrance, and a 24-foot-long (7.3 m) plastic diffuser
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under the pump varying from 3.5 feet (‘1 1 m) to 8.0
feet (2.4 m) in diarneter. Water is pumped downward
from the reservoir surface. :

A 10-horsepower destratifier with a 16-foot {4.9-m}
diameter propeller was constructed for the 1974 and
1975 tests at Lake of the Arbuckles. Operation. was
intended to begin at the onset of stratification with the
goal of preventing stratification and maintaining the
réservoir in a condition of constant circulation. The
same parameters are being monitored as those during
the 1973 testing of the air gun. The device is being
tested without the diffuser, which will require more
power input, but witl greatly reduce construction and
instaltation costs.

If the Garton pump shows a marked increase in
destratification efficiency over other devices, it prob-
ably would not be fruitful to test a diffused air
system, since this method has historically shown a
destratification efficiency of only about 1 percent.

The Garton pump operated only a short time during
the 1974 season because of mechanical difficulties.
Pitot tube measurements below the propeiler showed a
calculated pump flow of about 350,000 gat/min (22.1
m*/s) at the design propeller speed of 12 r/min.
Testing will continue in 1975.
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{ ake Casitas

As mentioned previously, a successful diffused-air
destratification system has been operating at Lake
Casitas in California (fig. 9) since 1968. Since Lake
Casitas presents an opportunity for reaeration research,
the Mid-Pacific Region of the Burzau of Reclamation
has initiated discussions with the Casitas Metropolitan
Water District (formerly the Ventura River Municipal
Water District) which may lead to a cooperative
program. A tentative plan is to: (1) analyze existing
data from past cperations at Lake Casitas; {2} review
alternative methods for reaeration testing; {3) design
and construct the most appropriate reaeration or
destratification device; and {4} test the device, with

appropriate monitoring of physical, chemical, and.

biological parameters.
Biological Effects

in 1972, under contract with the Bureau of Reclama-
tion, Oklahoma State University and the Oklahoma
Cooperative Fishery Unpit issued a comprehensive state-
of-the-art review of the hiological effects of artificial
destratification and aeration in lakes and reservoirs
[28]. The report includes a summary of available
devices for reaeration and destratification of lakes and
raservoirs, a review of past jnvestigations concerning
biological effects, a statement of research needs, and an
annotated bibliography.

Research Needs

The “statement of research needs” is quoted from the
foregoing report {25] in its entirety, as foilows:

Greater emphasis must be placed on design and
experimentation in studies involving artificial
destratification. A team approach is necessary in
assessing the effects of artificial destratification
on lake ecology. Studies should include rigorous
controls so that specific guestions can be
answered at least for small lakes. It is also useful
1o develop models to predict and quantitate the
perturbation on the system in order to optimize
engineering efforts. Long-term changes on a
reservoir ecosystem ensuing from annual artificial
destratification as compared twith antecedent
conditions should be analyzed and compared
with previous findings derived from observatians
-made in a single summer. A need exists for
comparative analysis of the impact of artificial
destratification on reservoir ecosystems in differ-
ert geographical regions in North America.
Efforts should involve a decade of sustained
effort on one ecosystem. Artificial destratifica-
tion or hypolimnetic aeration  should be con-
sidered to be a scientific research project with
data carefully recorded and deposited regularfy
in a central data bank to be available to all
researchers. Greater effort must be made to
develop aeration tactics in rivers which take
advantage of the natural fall of water. These
devices ought to require no input of fossil fuel or
nuclear energy. There is a need to combine
aeration with other engineering alternatives to
optimize water quality within and downstream
from reservoirs.

Additional effort is needed to study effects of
artificial destratification on rates of mineral
cycling. Nitrogen stripping using a downflow
bubble contact system as described by Speece
(1969} should be given immediate review as a
possible means for stripping nitrogen from water
1o alleviat® nitrogen supersaturation which causes
salmonid mortality. Information on the impact
of artificial destratification on cycling of heavy
metals, pesticides, and other pollutants is limited.
Scme hold that since many pollutants (e.g.
copper) are Jost to the sediments in alkaline and
oxygenated waters, artificial destratification and
aeration may be a satisfactery means of improv-
ing water quality. However, sediment water
exchanges cannot be predicted for many ele-
ments and compounds at this time: (Leg, 1970}.
Thus, potential pollutants must be monitored in
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the sediments before an artificial destratification
attempt is made, especially if it is not known
whether mixing will result in suspension of some
sediment.

More research is needed on the effect of artificial
destratification on structure and function of the
biotic community. Information is needed on
species djversity of the various groups, popu-
fation dynamics, microbial ecology, especially
human pathogens, and secondary productivity.
Further testing of the hypothesis that continuous
aeration will retard the process of eutrophication
and development of blue-green aigal hlooms is
rneeded. A need exists to test promising
hypotheses of the impact of annual cycies of
destratification on dynamics of reservoir fish
populations, especially impertant vital statistics
on density, growth, mortality, and recruitment.
Careful evaluation of the impact of aeration
using U-tubes on fish and other aguatic life needs
to be accomplished. Continuous destratification
of northern winterkiil and southern eutrophic
lakes with histories of winterkill should be
achieved to evaluate the hypothesis that effective
oxidation will reduce detrimental effects on
distributian, density, and productivity of agquatic
fauna. Downstream effects on aquatic life
associated with reservoir aeration needs study.

Additionat symposia on reservoir acosystems are
desirable as they oraduce useful compendia of
data, highlight accomplishments, and research
needs. A ‘specigl symposium on aeration of
natural and man-made lakes would be desirable.
The authors encotrage a greatly expanded pro-
gram of funding of research by Federal agencies
charged with responsibility for hydroelectric,
water supply, flood control, and irrigation
developments.

Extensive monitoring would be required as part of this
suggested research. Such monitoring will require a
substantial number of people both for recording and
analyzing the data. Therefore, monitoring would be
expected to consurme a large portion of the hudget for
any reservoir reasration research activity.

A monitoring program is underway at lLake of the
Arbuckles to determine the physical, chemical, and
hiological effects of artificial mixing at that location.

REAERATION OF RESERVOIR RELEASES

Introduction

:Application of reaeration or destratification techniques
ta reservoirs, with the object of improving reservoir
water quality, would be expected also to improve the

- guality of waters released from. the reservoir. When

operations within the reservoir are infeasible or other-
wise undesirable, application of reagration techniques
after the water ieaves the reservoir may be appropriate.
Heaeration methads can be applied within conduits,
hydraulic eguipment, hydraulic structures, and the
downstream channel. In some cases, air entrainment,
which _occurs through operation of gates, valves,
canveyance structures, and.energy dissipators, provides
adeguate reaetation or even supersaturation. However,
the latter condition sometimes results in gas embolism
in fish.

Hydraulic Structures
Background

tn 1969, Elder and Wunderlich {11] of the Tennessee
Valley Authority {TVA) reported on the use of the
Howell-Bunger valve as @ reaeration device. A special
containment structure was developed. Results showed
that this technigue provided a high reaeration effi-
ciency, which increased as the discharge velocity,
increased,

In 1870, Holler [13] described work by the Corps of
Engineers in modifying the operation of dams on the
Ohio River to increase the capabilities for reaeration.
Both of the above techniques provide egsentially
cost-free oxygenation, since the reaeration devices are
intended primarily for other purposes, such as energy

~ dissipation.

The problem of gas embolism in fish emerged prom-
inently in 1970 when farge numbers of salmon and
steethead were killed on the Columbia River, appar-
ently as a result of gas supersaturation caused by-
spillway flows.

Reaeration Capability
Since May 1972, the Bureau of Reclamation has heen

engaged in a program to measure the effects of typical
hydraulic structures on the uptake of dissolved gases




{4]. First priority was given to outlet works and
pawerplants, with spillways reserved for later study
because of their comparatively infrequent use.
Measurements were made for 28 structures at separate
locations. In 11 cases, reservoir dissolved gas levels near
the intakes were below saturation, ranging from nearly
zero to 97 percent. Releases passed through various
types of energy dissipators and, in two cases, through
vented nydraufic turbines. With the exception of one
turbine, which had negligible oxygen uptake, all other
structures and facilities caused increases in DO to levels
ranging from 90 percent of saturation to varying
degrees of supersaturation. A basic conclusion is that in
nearly all cases, the combined effects of control
devices, conveyance structures, and energy dissipators
will efiminate DO deficiencies. An anaiysis is being
made of the data to correlate DO uptake with physical
characteristics of the structures.

Supersaturation

Grand Coulee Dam is an apparent contributor to the
problem of dissolved gas supersaturation and gas
embolism on the Columbia River. Extensive data have
been gathered at that location under the direction of
the Bureau's Pacific-Northwest (PN} Region [2]. The
correiation between supersaturation level and spillway
discharge is direct. These data, plus other data
collected at various types of structures at other
locations in the PN Region [3], are included in an
aralysis to correlate levels of supersaturation with
physical characteristics of the structures. Tentative
conciusions are extracted from the 1973 report [4] on
measurements made by the E&R Center as follows:

15.The dominant factor influencing the level of
supersaturation is the pressure to which the
entrained air is exposed. Pressure is directly related
1o the depth of penetration which is determined by
the Jet's momenturn, organization (degree of com-
pactness), and orientation, along with the physical

characteristics ‘of the stilling basin, particularly -

depth.

2. The degree of turbulence in the energy dissipator
is a significant factor. Highly turbulent flows
{described as frothy, choppy, etc.) tend to show
lower supersaturation fevels than less turbulent
flows (described as rolling, etc.) for similar depths
of penetration.

3. The amount of air entrained in the flow appears
to be of only secondary importance. Apparently, in
essentially all cases, an adequate supply of air is
available. The highest supersaturation levels

included situations where relatively small quantities
of air were entrained in the flow.

Predictive Analysis

A predictive capabitity has recently been developed.
The analysis yields the dissolved gas levels that would
. result from the operation of a wide variety of spillway
or oUtler works structures. Both the reaeration capa-
bility and the supersaturation potential of these struc-
tures may be evaluated. Factors considered include
water temperature, barometric pressure, reservoir dis-
solved gas level, release structure size and shape, reiease
flow wvelocity, discharge, and stilling basin depth and
shape. Comparison of the results from this analysis
with measured prototype data has shown excellent
agreement. A detailed report on - this analysis, which
includes several example applications, is being pre-
pared. Figure 10 shows an operating stilling basin with
predicted and observed levels of nitrogen . super-
saturation noted.

Hydraulic Turbines

Rackground

“The earliest significant experience in reaeration by the
venting of hydrauiic turbines was In Wisconsin for
low-head units [28]. Raney and Arnold reported on
the aspiration of air into the draft tube of an Alabarna
Power Company unit with a power head of about 65
feet (19.8 m) for the propeller turbine [20]. In this
case, deflecting plates were installed in the draft tubes
to produce regians of negative pressure for aspiration
of the air. The Corps of Engineers is conducting tests at
L.ake Table Rock in Missouri’which include investiga-
tion of injecting compressed air or molecular oxygen or
a combination of the two into the turbine or penstock.
This is a high-head installation of about 200 feet (61
m}. A cost analysis resulted in the choice of molecuiar
oxygen injection through the Gibson piezometer taps
in the penstock. Approximately 20 tons of oxygen per
day will be required to maintain a downstream DO
level of G mg/l. '

Reaeration Capability and Supersaturation

The monitoring - program conducted by the E&R
Center has included hydraulic turbines. One vented
hydraulic turbine instaliation caused very high super-
saturation levels whife others did not. One reason for
this differerice may be the guantity of air entering the
turbine. The depth of the draft tube, and thus the
pressure to which the entrained air is exposed, is
certainly a major factor, although this alone did not
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explain the differences observed. The complex swirling
flow conditions and boundary geometrics of a draft
tube must also influence the time of exposure and
possibly the pressure, ' ’

Obviousty, mare research is needed on this aspect of
the supersaturation phenomenon. The quantity of air
should be monitored at prototype installations. Tests
on hydraulic models of turbines might also provide
some insight. ) :

Other Methods

TVA is conducting fullscale operational tests on a
system for diffusion of molecular oxygen in the
raseryoir-wnimediately upstream from the penstock
intakes. The oxygenated water is thus swept directly
into the intakes and only the downstream release is
affected. The diffusers for the system were chosen on
the basis of laboratory and field tests.

TVA has also investigated the technique of. super-
saturating a bypassed flow with oxygen, then releasing
the supersaturated flow into the main stream for
mixing. Thus, only relatively small flows need to be
handled. ' ' i

in any event, the tonnage requirement for oxygen or
air will be determined by the deficiency, regardless of
the method used. An example calculation of oxygen
angd air requirements is given in table 3.

Miscelianeous devices which show promise for reaerat-
ing reservoir refeases include the lJ-tube ‘and - the
dawnflow-bubble-contact aerator, both developed by
Speecs [21, 22]. .

HYPOLIMNION REAERATION

Situations occur in which- it is desirable to reaerate the
reservoir without destroying the stratification. For
example, cold bottom waters may be desirable for a
downstrearn fishery or municipal water supply. if the
hypolimnion is deficient in DO, methods are available
for ‘injection of molecular oxygen into this layer. The
basis of this concept is that oxygen will dissolve
completely within the hypolimnion and bubbles will
not be available to rise through the higher layers and
cause destratification. This assumption is not entirely

-correct, since bubbles of pure oxygen will strip

nitrogen and other available gases fram the water:
Therefore, a‘reconstructed bubbie miy continue to rise
through the higher layers.

TABLE 3.—Example calcu!azfab for oxygen ar air injection

Equivalent terms for O, concentration:

1 mg/l = 2B.317 mg/ft’
=§.243 x 10°° th/ft?
=3.121 x 107 1on/ft®
= 1,360 x 10" ton/acre-feet
= 1,360 ton3/million acre-feet

.Oxygen requirements in releases:
O; required,
tons

Avg. O, deficiency, Release,

Month mg/| acre-feet

June 1
July 1.
- Aug. 2
~ Sept. 2

800,000
S 700,000
500,000
400,00G

1,088
1,428
1,360
1,088

4,964 tons iotal

Assuming a cost for molecular oxygen of $50 per ton:

Oxygen cost = 50 {4,964) = $248,200

Assuming maximum discharge of 13,000 fr* /5

max. rate of O, iniection .
= (6.243 x 10°°) (1.3 x 10%) {2}
=1.62 1bs O, /s

Assum_ing injection of bubbles under a pressﬁre of 2
atmospheras {1 ft* O, = 0.18.1b):

Volume rate = 1.62/0.18 = 9 17 /s O, = 540 ft* /min O,

if atmospheric air {21 percent O, by volume) is. used
instead of pure oxygen, the corresponding required
maximum volume raie is:

3%01 = 2,570 f2 /min air

However, this assumes 100-percent transfer efficiency
of the oxygen in the air. Assuming an actual transfer
efficiency of 10 percent {which is probably somewhat
too high, based on experience}, the required rate would
be 25,700 f° fmin or 428 t*/s of air. This would
occupy about 3 percent of the total flow area.




Speece's downflow-bubble-contact aerator can be used
for the method mentioned above. Fast [12] and
Bernhardt [7] have developed hypolimnion reaeration
devices which use compressed air. A bypass technique,
in which the water is pumped from the hypolimnion to
the shore, aerated, and then returned to the
hypolimnion, has also been used [18].

Hypolimniun reaeration has a potential for application
at Flaming Gorge Reservoir, where a portion of the
hypoiimnion never mixes with the remainder of the
reservair and rernains at 39° F and zero DO the year
arcund. This layer, technicaiy called the
monimoliminion, is about 200 feet {61 m} thick at the
dam and tapers to zero approximately 12 miles {(19.3
km) upstream. The top of the manimaliminion, the
chemociing, is immediately below the penstock
intakes. Therefore, mixing with higher levels might
allow passage of toxic waters through the penstock,
though the mommohmnuon has remained stable for

severai years. The possrbmty of applying hypohmmlonp‘_

reaeration is heing investigated.

INSTREAM REAERATION

Instream reaeration is defined for purposes of this
report as e problem separate from that of reaeration of
reservoir releases. An example would be a stream which
is unaffected by or distant from a storage impound-
ment, or a stréam entering a storage impoundment.
Many devices are available for instrearm reaeration

including diffusers, mechanical aerators, cascades, and .=~
U-tubes, and are more completely discussed in {14}~

and {25].. No serious problems have been identified on

Bureau of Reclamation projects which couid not be .

corrected Oy reservoir reaeration or reaeration of
reservoir releases; therefore, littie attention has been
directed 1o this aspect of reaeration research. However,
reaeration of reservoir inflows in some cases may. be
the most economical .alternative.

CORROSION BY MOLECULAR OXYGEN

Injection of oxygen bubbles immediately upstream
from the dam or directly into the penstock or turbine
will cause structural components to be exposed to free
bubbles of pure oxygen or water supersaturated with
DQ. Through the Faderal Interagency Steering Com-
mittee on Reaeration HResearch, the Bureau was
encouraged to investigate potential corrosion of mate-

rials, particularly metals, when molecular oxygen is
injected into reservoirs, conduits, or machinery. This
investigation began in 1973 with a literature survey to
determine the state of the art, and a test facility 15
under construction. Early indications from this investi-
gation show that little or no work has been done in this
field and that fittle is apparently known about the
potential magnitude of the problem. Laboratory
research will be supplemented by examination of
turbine ¢components following operation of the TVA

‘and Corps of Engineers projects which involve injection

of molecular oxygen. The following is an excerpt from
the results of a literature search on materials corrosion
associated with reaeration using molecular oxygen:*

Corrosion in agueous environments is basically - -
an electrochemical reaction wherein electrons are
released at the anode with metallic fons formed
by oxidation going into solution. At the cathode,
electrons are accepted and negative-‘ions are
formed. Action at the anode and cathode are
interdependent, i.e., nercher can proceed wnthout
the other.

In the case ¢¥iron (steel} in water, iron goes into
solution as ions and’ electrons are left behind in
the metal at anodic areas. These electrons travel
through the .steel 10 the cathode, where they
combine with hydrogen jons to form hydrogen
gas. -

In neutral, slow-moving, deaerated waters, the
evolutinn of hydrogen gas at the cathode pro-
~ceeds slowly and accumulates as a layer of
‘hydrogen on the metal. This layer decreases the |
cathodic reaction and thus the reaction Is |
referred to as cathodic polarization. Therefore
‘iron corrodes very s}owly in quiescent, deaerated
waters,

Dissolved oxygen in the water upsets the equilib-
rium condition established by cathodic polariza-
tion. The oxygen reacts with the accumulated
hydrogen to form water. As the” hydrogen [s
removed in this manner, corrosion is allowed to
proceed. Oxygen is therefore often referred to as
a cathodic depolarizer.

From the above discussion, one can see that
addition of oxygen can accelerate the norrosion
rate of stee!l in water. Conversely the corrosion
rate of some metals and alloys can be reduced by

*Memorandum from Chief, Applied Science Branch, to Manager, Reaeration Research Program Management Teéi‘n,
through Chief, Division of General Research, Denver, Colorado, March 8, 1974.




addition of oxygen. Examples of such alloys are
the stainless steels and aluminum. These mate-
rials develop stable protective surface films in the
presence of oxygen and are thus rendered
"";‘Jassive. These phenomena would hold true in
practice were it not for dissolved oxygen conecen-
tration gradients which develop within the water.
Local differences in oxygen content can result in
concentration ceils whereby cathodes develop at
areas of high O, concentration and anodes occur
in areas of lower O, content, such as at crevices
and under surface films or encrustations. A prime
example is the susceptibility to crevice corrasion
of the stainless steels.

In addition to its deleterious effect on metals and
alloys, oxygen is also regarded as one of the most
damaging influences on organic and synthetic
coatings. Oxidation of complex organic coatings
may result in simpler, more soluble products
which are readily washed away so that the
process can continue. Oxidation of natural and
synthetic rubber materials can result in cracking,
particularly when stress is introduced. [S]ome
evidence of deterioration- of coal-tar ‘enamel in
the form of cracking Thas also been observed] at
two test sites in [a] test in oxygen-enriched
wastewaters, This is highly.~gnificant, as coal-tar
enamel is currently the standard Bureau penstock
{ining materfal. Coal-tar enamel together with
cement mortar are also the standard lining
materials for Terrous pipelines.

With this abbreviated background of the cor-
rosion theory as well as experiences in mind, a
literature search was conducted to determine the
effect of[,'pure. oxygen additions to fresh waters
on the corrosion rate of traditional materials of
construction.

Although inquiries~ were sent  to both  the
Smithsonian Science Information Exchange and
the .S, Department of Commerce, National
Technical [nformation Service, no information
was retrieved on this subject. *

However, a search of the local libraries revealed
substantial information which is summarized as
follows: -

1. All sousces agreed that dissolved oxygen is
the n:ajor corrosive component in waters.

2. Uhlig [26] reports results of tests in slowly
moving water containing 165-ppm CaCl; at

25° C in which the corrosion rate of mild steel
varied linearly from nearly Q at Q-ppm O, to
18 mils per year {mpy} at 8-1/4-ppm 05.

3. Unlig also reports that although increases
in O, initially accelerate corrosion of iron, the
rate decreases to a low value at O, contents
beyond a critical concentration due to passiva-
tion of the iron by O, . The critical concentra-
tion would vary with: pressure, temperature,
and TOS of the water, but for distilled water
was found to be 18 ppm as opposed to 9 ppm
for waters at pH of 10. However, due to its
unreliability, Uhiig discourages the use of
oxygen additions heyond the critical concen-
tration for controlling corrosion.

4, Aluminum-base alloys are relatively
insensitive to oxygen content [17].

B. Corrosion rate of copper increases with
increases in DO concentration [27].

6. The corrosion rate of steel in solutions
between pH 4 and 10 is largely independent
of pH and is controlled by the diffusion of
oxygen at the cathodes [1]. Most fresh waters -
fall within this pH range.

7. Very little oxygen is utilized in corroding
metal, At 5 fps {1.5 m/s) water velocity in a
24.inch main, Larson [168) doubts that more
than 0.1-ppm change in 0O occurs.

8. Aeration effects are often .most
pronounced at the water-air interface in a o
vessel [8].

Much information, as indicated by the sampling
above, regarding general behavior of metals and
alloys in the presence of oxygen is available.
However, it was found that due to lack of
specificity, little of the information would be
useful in desigiing to cope with highly oxygen-
ated fresh waters. Rather, the information would
be useful in designing tests to obtain the desired
information.

iy
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CONVERSION FACTORS--BRITISH TQ METRIC UNITS OF MEASUREMENT

The following conversion factors sdopted by the Bureau of Reclamation are those published by the American
Society for Testing and Materials (ASTM Metric Practice Guide, E 380-68) except that additional factors {°}
commanly used in the Bureau have been added. Further discussion of definitions of quantities and units is given in
the ASTM Metric Practice Guide. :

The metric units and conversion factors adopted by the ASTM are based on the “international System of Units”
{designated S for Systeme International d'Unites), fixed by the Internationat Commitee for Weights and
Measures; this system is also known as the Giorgi or MKSA (meter-kilogram {mass)-second-ampere) sysiem. This
system has been adopted by the International Organizetion for Standardization in 1SO Recommendation R-31.

The metric technical unit of force is the kitogram-force; this is the force which, when applied to a body having a
rmass of 1 kg, gives it an acceleration of 9.80665 m/sec/sec, the standard acceleration of free fall toward the earth's
center far sea leve! at 45 deg latitude. The metric unit of force in SI units is the newton {N}, which is defined as
that force which, when applied to a body having a mass of 1 kg, gives it an aceeleration of 1 m/sec/sec. These units
must be distinguished from the [inconstant) local weight of a body having a mass of 1 kg, that is, the weight of 8
body is thet force with which a body is attracted to the earth end is equa! to the mass of 4 body multiplied by the
acceleration due to gravity. However, because it is general practice To use “pound” rather then the technically
correct term “pound-force,” the term “kilogram'® lor derived mass unit} has been used in this guide instead of
“kilogram-force™ in expressing the conversion factors for forces. The newtan unit of force will find increasing use,
and is essential in St units. :

Wherg approximate or nominal English units are used to express a value or range of values, the converted matric
units in parentheses are also approximate or nominal. Where precise English units are used, the converted metric
units are expressed as equally significant values,

Table 1

QUANTITIES AND UNITS QF SPACE

Multipty B ' By To obtain

LENGTH

25.4 (exactly}

25.4 (exactly} . Millimeters
2.54 lexactiy)*® Centimeters

30.48 (exactly) ;. Centimeters,
0.3048 (exactivi” Meiters
0.0003048 (exactly}”
0.9144 {exacily)

1,609.344 {exactly)’

1.609344 (exactly)

AREA

Square inches . B.4516 lexactly) $quare centimeters
Square feet “929,03 Sguare centimeters
Square feet Square meters
Square yards . . ~ . Square meters

Square meters
Square kilometers
Square kilometers

VOLUME

Cubic inches ERRTT-T: I Cubic centimeters
Cubic feet 00283168 ... e Cubic meters
Cubic yards 0,73455% Cubic metars

CAPACITY

Fluid ounces (U.S.) 29.5737 Cubic centimeters

Fluid ounces (1.5.] : Milliliters

Liquid pints (US.F . .. . ... ..

Liquid pints (US.}
DQuars {U.5.)
Quarts {U.5.)
Gallons {U.8)
Gallons (U.5.)
Galions {U.5.)
Galtons {U.5.}
Gallons (UK.
Gaflons (UK.
Cubic feet
Cubic yards
Acre-feet
Acre-feet

0473166
*946,358
*0.946331
*3,785.43 .

Cubic decimeters
Liters

Cubic centimeters
Liters

Cubic centimeters
Cukic decimeters
Liters

Cubic meters
Cubic decimeters
Liters

Liters

Liters

Cubic meters
Liters




Table 31

QUANTITIES AND UNITS OF MECHANICS

Multiply

By

To phtain

MASS

Grains 11,7.000 ib}

Treey ounces {480 grainst
Q::nces favdpl

Paunds favdp)

Shar tons (2,000 (bl
Short tons {2,000 i
Long tans {2,240 1)

64.79801 {exactly}

Mitligrams
Grams

.. Grams
Kilograms
Kilograms

.. Metricions
Kitograms

FORCE/AREA

Pounds per sauan: inch
Pounds per square inch
Pounds pef square foat

$.070307
G.688476
4EB8243 ... ...
47.8803

Kilograms per square ¢entimeter
Newtons per square centimeter
. Kilograms per square meter
Newians per square meter

Pounds per sauare foot

Qunces per cubig inch
Paurds pier cubic foo1
Pounds par Gubic foot
Tans {long! per cubic yard

0.01£Q185
.1,37894

Grarns per cubic centimerer
®ilograms per cubic meter

. . Grams per cubic centimeter
Grams per cubic centimeter

MASS/CAPACITY

Ovnees por gaton (U8
Ounces per gallon (UK.}
Pounds per gallan {U.5.)
Pouads per gallon (U,K.)

Grams per liter
Grans per Hier
Grams per liter
Grams per liter

BENDING MOMENT QR TORQUE

Inch-pounds
Inch-pounds
Foot-paunds
Foot-pounds
Foot-pounds per inch
Cunce inghes

0.011521 . .
112085 % 105 | |
0.138255
1.35582 x 107

Meter-Kilograms

.. Centimeter.dynes
Meter-Kilograms

Centimeter.dynes
Centimater-kilograms per centimeter
Gram-centimaters

VELOCITY

Feel per second
Feet per second
Fent per year
Miles per hour
Miles per haur

30.48 {exactly)
0.3048 [exactiyl®

“0.965873 x 106
1,605344 {exactly]
0.44704 (exacily)

Centimeters per second
fdeters per second
Centimetars per second
Kilometers par hour
Meters pey second

ACCELERATION"

Feet per secnnd2

Meters per second?

Table li—Cantinpued

Mulriply

By

WORK AND ENERGY®

British thermal units {Btu)
British thermal units {Btu}
By per pound )
Foot-pounds

*0.252 Kilogram calories
1,055.08 Jaules
2326 fexactly) . . ..., Joules per gram
135882 L ... ... Joules

POWER

Horsepower
Bt per hour . L.
Fog naunds per second

745700 .
0.293071
1.39582

HEAT TAANSFER

Brw in./br 12 degrea F (K,
therma! conductivityl
Btu in./hr 112 degree F [k,
shermal conductivityt
St fr/hr 112 degree F . .. ...
Btuthr ft? degree F (C,
thermal conductance)
Btu/hr 712 degree F {C,
thermal conductance) . . . .
Degree F hr fr/Stu {R,
thermal resistancel
Btu/th deqree F (e, heat capacityl
Btully degree F
Ft2/hr (thermal diffusivity)
F12/hr (thermal ditfusivity]

Miltiwatts/cm degree C

Kg calfhr my degree C
®Kg cal m/hr m2 degrea C

Milliwatts/em? degren €

Kg eal/hr m? degree G

Degree & cmZ/milliwatt
Jig degree C

*0.08290

WATER VAPOR TRANSMISSION

Grainsihr £12 {water vapor
transmission} o

Parms {permeanced. . P

Patm-irhes {permeability) , .. .

Grams/24 hr m?
Metric perms

Table th

OTHER QUANTITIES AND UNITS

Cubic feet per secend
{second-feet)

Cubic a0t per minute . .

Gallons {U.5) per minuse;

Cubic meters per second
Liters per second
. Liters per second

Pounds

.+ Kilograms
. Newtons

Muitiply

To obtain

Cubie feet per square foat per day (seepage)
Pound-secands per square oot (viscosity) |

Square feet per second (viscosity)
Fahrenheit degrees (change] *

Volts per mil

L.umens per square foot {foor-candles)
Ohm-gircular mits per faot

Milticuries per cubic faot

Mifliarmps per square foat

Gallons per square yard

Pounds per inch

Liters per square meter per day

Kilogram second per square meter

Square meters per secand

5/9 expetly , . . . Celsius or Kelvin degrees (changef ™
0.03937 Kiiavo!ts per millimeter
10.764 LUmens per square meter
Ohm-sguare millimeters per meter
Millicuries per cubic meter
Milliamps per square meter

Liters per sSquare meler

Kilograms per centimeter

"4.527219
“0,17858

GPO BEE =894
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ABSTRACT

The research program, Reaeration and Control of Dissolved Gases, has emphasized
destratification of reservoirs, biological effects of reaeration and destratification,
dissolved gas levels at energy dissipator structures, conception of new methods and
devices for reaeration, and corrosion by molecular oxygen. Destretification testing has
accurred at Flaming Gorge Reservoir and Lake of the Arbuckies and is being planned for
Lake Casitas. Research on biological effects at Lake of the Arbuckles is receiving support
and a comprehensive state-aof-the-art report has been issugd. A dissolved gos level
prediction method has been developed from data collected from a wide variety of types
of energy dissipators, Laboratory testing on the corrosive effects of the use of molecular
oxygen is underway. (28 ref} :

ABSTRACT

The research program, Reaeration and Control of Dissolved Gases, has emphasized
destratification of reservoirs, biological effects of reaeration and destratification,
dissolved gas leveis at energy dissipator structures, conception of new methods and
devices for reaeration, and corrosion by molecular oxygen. Destratification testing has
occurred at Fiaming Gorge Reservoir and Lake of the Arbuckles and is being planned for
Lake Casitas. Research on biological effects at Lake of the Arbuckles is receiving support
and a comprenensive state-of-the-art report has been issued. A disspived gas level
prediction method has been developed from data collected from a wide variety of types
of energy dissipators. Laboratory testing on the corrosive effects of the use of molecular
oxygen is underway. {28 ref)
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ABSTRACT

The research program, Reaeration and Conwol of Dissolved Gases, has emphasized
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disspived gas levels ar energy dissipator structures, conception of new methods and
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occurred at Flaming Gorge Reservoir and Lake of the Arbuckies and 15 being planned for
Lake Casitas. Research on biological effects at Leke of the Arbuckles is raceiving support
and a comprehensive state-of-the-art report has been issued, A dissolved gas level
prediction method has been developed from data collected from a wide variety of types
of energy dissipators. Laboratory testing on the corrosive effects of the use of malecular
oxygen is underway. {28 ref}
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